A phenomenological approach to the stretching mode vibrational frequencies of defects in semiconductors is proposed. A novel quantum scale is defined in terms of the first principles pseudopotential based orbital radius r s and the principal quantum number of the element concerned. A universal linear relationship between the Sanderson electronegativity (SR ) and this quantum scale is established. Next, we show that the stretching mode vibrational frequencies of hydrogen (ν Si−H ) and chlorine (ν Si−Cl ) in the silicon network scale linearly with this quantum scale. Predictions and identifications of defect environments around the Si-H and Si-Cl are possible. The assignments of vibrational modes in porous silicon are critically examined. We discuss our proposed scale in the context of Mendeleveyan scales in general, and suggest justifications for it. We believe that our approach can be gainfully extended to the vibrational spectra of other semiconductors.
I. INTRODUCTION
The vibrational spectra of defects in silicon lie in the infrared and the far infrared region.
They constitute an important signature, enabling one to identify the particular defect and its immediate environment. There has been a renewed interest in their study with the recent discovery of visible photoluminescence (PL) in porous silicon 1 . Explanations for this noteworthy phenomenon are varied 2 . Suggestions invoking molecular complexes such as siloxene 3 , Si-H 2 4 and non-bridging oxygen-hole centers 5 are based, at least in part, on comparing their vibrational frequencies with those observed in porous silicon. It has also been suggested that the Si-H bond plays an important role in visible PL, since porous silicon becomes non-radiative with decreasing H content 6 .
It has been known for sometime that the stretching mode vibrational frequencies of Si-H (ν Si−H ) in substituted silane molecules SiHR 1 R 2 R 3 7 , amorphous solids such as a-Si and a-SiO 2 8 , and in crystalline silicon (c-Si) 9 correlate with the electronegativities of {R 1 R 2 R 3 }.
The following explanation is usually proffered for this correlation. As the electronegativity of the substituting species {R 1 R 2 R 3 } increases, the s-character of the Si-H bond increases.
A calculation of the s-component of the bond-order matrix substantiates this 10 .Because of the enhanced s-character, the Si-H distance d Si−H decreases and the effective force-constant increases. Thus ν Si−H increases.
The Sanderson (and not the Pauling) electronegativity is employed in explaining the trends in ν Si−H 8 . The former is known to correlate well with the structural properties of molecules and is also called the stability-ratio electronegativity SR. The importance of classical and quantum scales in solid-state phenomenology can hardly be overemphasized 11 .
We propose in this work to employ a quantum scale, based on the orbital radii generated by first principles calculations 12 , and the principal quantum number to systematize ν Si−H and the chlorine related frequencies ν Si−Cl . The advantages of this scale are: (i) it is derived from first principles calculations on free atoms. In other words it is non-empirical, fixed,
and not subject to periodic updating unlike the empirical scales like electronegativity; (ii) it is defined for all elements (except H). For example it is defined for the group VIIA elements {F,Cl,Br,I} unlike the semi-empirical Miedema scales 13 . The orbital radii have been gainfully used to systematize the structure of binary alloys 12 , the phenomenology of ion-implantation sites 14 , and more recently to construct quantum structural diagrams for high T c superconductors 15 as well as explain trends in binding energies obtained by local density approximation (LDA) 16 .
In section II, we introduce a novel quantum scale V based on the principal quantum number and the orbital radius r s . We call it the valence shell renormalized electronegativity (REEL). We demonstrate that it correlates linearly with the Sanderson electronegativity and further, with the stretching mode vibrational frequencies of H in Si. We describe the utility of our scale in assigning vibrational modes to impurities (impurity complexes) in porous silicon. In section III, we discuss our scale in the context of extant phenomenological scales and seek to justify it qualitatively.
II. VIBRATIONAL SPECTRA OF DEFECTS IN SILICON

A. Electronegativity and Orbital Radius
To motivate the application of the orbital-radii scales to the systematization and prediction of the vibrational frequencies of H and other impurities in semiconductors, we shall first relate the Sanderson electronegativity SR(R j ) to the orbital radius of the element R j . The three orbital radii listed by Zunger 12 are r s , r p , and r d which are respectively the crossing points of the first principles pseudopotentials for l = 0, 1, and 2. The role of the s character of a ν Si−H bond in determining the Si-H vibrational frequencies has been pointed out by other workers (refs. 9 and 10 in the present work). Further, ν Si−H has been related to Sanderson electronegativity SR of element R j (ref. 8) . This motivated us to seek a relation between the SR(R j ) and the Zunger orbital radii r s (R j ).
Since the s-character of the Si-H bond appears to play a key role 10 , we attempt to relate SR(R j ) to r s (R j ). It is known that the interatomic distance decreases with increasing electronegativity difference. Further, the orbital radius r s (R j ) demarcates the region between the inner repulsive Pauli potential (< r s (R j )) and the outer attractive Coulomb potential (> r s (R j )). The smaller r s (R j ) is, the larger is the spatial extent of the attractive Coulomb and exchange potentials. For these reasons, we seek a relationship of the form
Such an inverse relationship between the electronegativity and orbital radii has been posited earlier [17] [18] [19] [20] . We shall discuss the relationship of our work to previous works in section III. It was found that a linear relationship of the form given by eqn. (1) In this spirit we attempt to correlate the electronegativity SR(R j ) with the functional form f ((n(R j ) − 1), r s ). An inspection of figure 1 reveals that there is a systematic shift in the slope of the row wise plots. This insight, and some trial and error, led us to the discovery that SR scales linearly with the quantity
which we call the valence shell renormalized electronegativity (REEL). 
Here the slope a and the intercept S 0 are 2.07 (± 0.02) (a.u.) −1 and -1.66 (± 0.006)
respectively. The uncertainty in the calculated electronegativity is ± 0.01 and is of the same order as the uncertainty in the original electronegativity data 23 . For larger values there is a tendency to saturation. Our attempts to correlate SR(R j ) with the orbital radius r p or (r s + r p ) were not as successful.
B. Vibrational Spectra
We now establish the relationship between the Si-H stretching frequencies ν Si−H observed in silicon and the quantum scale defined by us. Table I 
Here the summation is over all four nearest neighbors of the central Si atom and includes H.
For H we have taken the relevant REEL value V to be 2.86. For the dangling bond neither a n(R j ) nor a r s (R j ) can be defined. To include it into our scheme we take V to be 0.54. These values have been obtained from empirical fit to data. In eqn. 4, the slope m = 61.03cm So far we have discussed Si-H vibration frequency on a lattice or an amorphous network.
One may also extend this work to ν Si−H in silane molecules substituted by organic radicals such as CH 3 , C 2 H 5 , C 6 H 5 etc. The SR values for these radicals can be calculated using Lucovsky's prescription 8 (his eqn. (2)). The linear fit in fig. 2 enables us to define an effective V(R j ) using these SR values. One may then look for a correlation between ν Si−H
and these values of V(R j ). We have carried out such an exercise for SiH(RCl n ) (n = 0,1,2)
where R stands for the radicals and found an approximate linear relationship akin to fig.3 .
Chlorine is known to be a good dangling bond passivator in silicon. We have also discovered a linear relationship between the Si-Cl stretching mode frequency and our quantum scale. We use the data for ν Si−Cl in a-Si cited by Wu et al. 25 . Fig. 4 depicts this correlation.
Except for the highly electronegative environment (Cl 3 )SiCl, the data is linear to a good approximation.
C. Porous Silicon
Infrared frequencies observed in porous silicon in the range 2050-2150 cm −1 have been attributed to the stretching mode of the Si-H bond. Specifically, three broad peaks (halfwidth employed purely quantum scales, namely, the work function φ(A) (which can be related to the electronegativity χ(A) ) and the electron density at the Wigner-Seitz boundary n W S (A).
Refinements of the Miedema scales have been suggested by several workers 18, 34 . On the other hand Bloch and co-workers 17, 35 suggested the use of orbital radii {r s (A), r p (A), r d (A)} derived from free ion quantum defects to separate crystal structure of alloys. Zunger 12 defined non-empirical orbital radii in terms of the first principles hard-core pseudopotentials and employed them to systematize the crystal structures of around 500 binary alloys.
Recently, Villars and Hulliger 36 carried out a systematization of the ternary alloys using three dimensional plots based on the orbital radii (r s (A) + r p (A)), the Martynov-Bastanov electronegativity and the valence electron number.
We may classify the phenomenological scales as follows: suggests that the Pauling electronegativity may scale with the inverse orbital radius.
Burdett 19 has also noted that the Pauling electronegativity is related to the Zunger orbital
where A and χ 0B are constants.
It is of interest to note a study by Watson and Bennett 34 in which the Pauling electronegativity is related to the s and p ionization potentials E s and E p respectively. They work with the hybridized expression χ = 1.075(E s + 3E p ) + 0.35 (7) However they also note that a linear scaling relationship exists between χ and E s and separately between χ and E p .
Our search for a universal relationship between electronegativity and the Zunger orbital radius had its genesis in the above-mentioned observations. To motivate our work further we note that the Pauling electronegativity χ(A) and the valence electron number Z v (A) can be related
where C is a constant. The quantum defect radii are related to Z v as follows
wherel is an l-dependent parameter. It follows that
A similar viewpoint is obtained by extending the work of Watson and Bennett 34 . Following them,
The ionization potential E n,l is given in quantum defect theory by
Taylor expanding the above expression
As noted earlier
This suggests that E n,l is a polynomial in 1/r l with constants which depend on the principal quantum number n. Recalling eqn. (9), namely χ ∼ E s it is reasonable to hypothesize a relationship of the form
where m is an integer and the coefficients a m (n) depend on the principal quantum number.
Eqn (10) is a polynomial in 1/r s . In this spirit we have attempted a correlation between the Pauling electronegativity and our REEL co-ordinate V(≡ √ n − 1/r s ), namely
This quadratic relationship is depicted in fig. 5 . The constants employed were χ 0 = 0.018, 
The above considerations are by no means a rigorous derivation of eqns. (2) and (3).
They have simply motivated and guided our search for an appropriate relationship between the electronegativity and the orbital radii. Based on our findings we claim that instead of three variables {χ, r s , n} one can perhaps work with the reduced set {r s , n} for most purposes. The latter has the advantage in the sense that its elements are non-empirical. In other words, borrowing a terminology from the theory of critical phenomena in statistical mechanics, we have found that the electronegativity is a generalized homogeneous function of the principal quantum number n and the orbital radius r s . This is perhaps due to the formation of molecular complexes on the surface of porous silicon.
Some insight into this phenomena can be obtained by studying the vibrational spectra. Our approach provides a valuable tool to correlate the PL spectra of various samples with their vibrational spectra. This can serve to characterize the porous silicon surface.
A universal relationship between the Sanderson electronegativity and our quantum scale V defined by eqn. (2) has been established which is seen to be valid for almost the entire periodic table. Since the Sanderson and Pauling (χ) electronegativities are related, (ie, √ χ ∝ SR) a similar relationship can be established between the Pauling electronegativity and V. This is depicted in figure 5 . The infrared stretching frequencies of Si-H and Si-Cl bonds have been related to V. The relationship does not work well when the system is highly electronegative, e.g. SiCl 4 . This is also evident from the saturation effect seen in fig.2 . We are investigating extensions of our work to other defects in silicon and other semiconductors as well as wagging and bending modes. We suggest that assignments of vibrational spectra to particular defects in porous silicon must be done with caution. line is a quadratic (linear) fit to the data.
